We surveyed the distribution of S-alleles in natural island populations of Prunus lannesiana var. speciosa sampled from seven sites on the Izu Peninsula and six Izu islands, Japan. The S-genotypes of sampled individuals were determined by Southern analysis of RFLPs generated by restriction enzyme digestion of genomic DNA, using cDNA of the S-RNase gene as a probe. All individuals were heterozygous, as expected under gametophytic self-incompatibility (GSI). Sixty-three Salleles were observed in the species, but 12 private to the Izu Peninsula population seemed to be derived from related species, giving a total of 75. The estimated number of S-alleles in each population ranged from 26 to 62, and was inversely correlated with the respective population's distance from the Izu Peninsula, the closest point in the mainland to the islands. This geographical cline in the estimated numbers of S-alleles suggests that gene flow to and from the distant island populations was less frequent, and that the studied species has migrated from the mainland to the Izu islands. The genetic relationship at the S-locus among populations also gave an "isolation by distance" pattern. The genetic differentiation at the S-locus among the populations was very low (F ST = 0.014, p < 0.001). The number of S-alleles in the species did not seem to depend on genetic differences associated with population subdivisions. This might be due to the greater effective migration rates of S-alleles, as expected under balancing selection in GSI.
INTRODUCTION
Self-incompatibility is a widespread reproductive phenomenon in flowering plants that prevents self-fertilization by causing the stigma or style to reject pollen from the same plant. In many species, molecular and classical genetic studies have indicated that the mating specificity of the pollen and style is controlled by a single locus with multiple alleles, called the S-locus (de Nettancourt 1977) . Homomorphic self-incompatibility systems are divided into gametophytic and sporophytic types. Gametophytic self-incompatibility (GSI) is the most common system, and has been described in more than 60 families of flowering plants (Kao and McCubbin, 1996) . The Sallele diversity maintained in natural populations of GSI species has been investigated using diallel crosses to determine the compatibility of sampled plants (reviewed in Lawrence, 2000) . In addition, recent advances in understanding the molecular mechanisms of GSI in several plant families have allowed the development of molecular techniques for studying S-allele diversity. Molecular studies of the S-locus in three plant families (the Solanaceae, Rosaceae and Scrophulariaceae) have shown that the S-locus product expressed in the pistils is a basic glycoprotein with ribonuclease (RNase) activity, designated S-RNase (Anderson et al, 1986; Sassa et al, 1996; Xue et al, 1996) . The putative S-genotypes of plants sampled from natural populations of Solanaceae species have been directly determined by examining Edited by Hidenori Tachida * Corresponding author. E-mail: shuri-77@wk9.so-net.ne.jp sequence polymorphism at the S-RNase locus (Richman et al 1995 (Richman et al , 1996 . Raspé and Kohn (2002) also investigated S-allele diversity in natural populations of two Rosaceae species: Crataegus monogyna and Sorbus aucuparia by RT-PCR method used in Richman et al (1995 Richman et al ( , 1996 .
Population subdivision has been conjectured to increase total diversity at the S-locus since each deme would contain a unique set of S-alleles (Wright, 1939) . Later simulation work (Schierup, 1998) indicated that the dynamics of S-allele diversity under the combined forces of population subdivision and balancing selection are more complex than Wright (1939) initially conjectured and that Wright's conjecture was only correct for unrealistically low migration rate among demes. Furthermore, Schierup et al (2000) showed that the differentiation at the S-locus in a finite island model of a subdivided population remained low even under very restricted migration because of the greater effective migration rates of S-alleles compared with neutral alleles. Models developed by Muirhead (2001) supported these conclusions. To confirm their theoretical predictions, more empirical data are needed. However, the distribution of S-alleles among populations has been investigated in few studies, and at the most two or three populations have been sampled in such investigations (Richman et al, 1995; Lane and Lawrence, 1993) .
The Japanese flowering cherry Prunus lannesiana var. speciosa, included in the Rosaceae, is self-incompatible and grows wild on the Izu Peninsula and the Izu Islands of Japan (Makino, 1961) (Fig. 1) . The populations are geographically isolated from each other. Thus, gene flow among the populations is likely to be severely restricted generally, due to their geographical isolation. Moreover, The Izu Islands are in a volcanic zone, in which volcanic eruptions have frequently occurred, and all of the islands have been inferred to have volcanic origins (Japan Meteorological Agency, 2005) ( Table 1 ). The Izu Islands have never been part of a contiguous land mass, and thus the populations of the studied species now growing on the islands were probably founded by migrants from the population of the Izu Peninsula, which probably corresponds to the species' pool. The geographical isolation and geological history of the Izu Islands is likely to have affected the genetic structure of the studied species. The genetic structure at the S-locus in the species is likely to be par- ticularly interesting since polymorphism at this locus is maintained under strong balancing selection and the strength of selection pressures favoring immigrant alleles is likely to be high. In a previous study (Kato and Mukai, 2004) we surveyed the number of S-alleles maintained in two local populations of P. lannesiana var. speciosa based on the sequence polymorphism of the SRNase gene, but the sample investigated was limited in terms of both the number of populations and the area covered. This study presents an extended analysis of allelic structuring at the S-locus in island populations of P. lannesiana var. speciosa, in which the main objective is to characterize the distribution of S-alleles among island populations.
MATERIALS AND METHODS

Plant materials
We sampled natural populations of P. lannesiana var. speciosa at seven sites: the Izu Peninsula and the six Izu Islands: (Oshima, Niijima, Kouzu, Miyake, Mikura and Hachijo) in Japan ( Fig. 1 and Table  1 ). On the Izu Peninsula, several species that are related to P. lannesiana var. speciosa also grow (Makino, 1961) , and plants that are considered, on a morphological basis, to be interspecific hybrids between P. lannesiana var. speciosa and the related species, P. jamasakura and P. incisa, are found (Katsuki, 2001) . It is very difficult to distinguish precisely between these hybrids and the studied species. Thus, the population of the Izu Peninsula may contain some S-alleles derived from related species. To assess this possibility, 16 plants considered to be hybrids according to their morphological traits were included in the sample from the Izu Peninsula. The population of Hachijo Island was divided into three subpopulations in order to evaluate within-island differentiation. The number of individuals from each population examined is shown in Table 2 . The individuals sampled in each population were separated as widely as possible in order to avoid collecting clones. Young leaves for DNA extraction were collected in the field, frozen and stored at -80°C.
DNA extraction and S-locus genotyping
The total DNA of each individual was extracted from about 2 g of leaf tissue using the method described by Murray and Thompson (1980) and digested with each of four restriction enzymes (BglII, DraI, EcoRV and MspI) . Genomic Southern analysis was conducted as previously described (Kato and Mukai, 2004) , using the 32 P-labeled cDNA fragment of the S-RNase gene cloned from S7-alleles of P. lannesiana var. speciosa as a probe. The S-genotype of each individual was determined by genomic Southern analysis of the resulting RFLPs of the S-RNase gene. The sequences of the alleles determined by RFLP analysis were also examined. The S-RNase genes were amplified from the genomic DNA using PCR primers designed from the conserved domains (C1 and C5), and the PCR products were cloned and sequenced, as described in our previous study (Kato and Mukai, 2004) . The nucleotide sequences were analyzed using Genetyx-Win computer program (ver. 5.0.2) (Software Development, Tokyo, Japan).
Data analysis
To facilitate comparison with other studies, we summarized the thoroughness of the S-alleles sampling using the repeatability statistic, R (Campbell and Lawrence, 1981a) 
where m is the number of alleles examined (twice the number of individuals) and n is the number of different alleles identified. The total number of S-alleles in each population was estimated by Paxman's (1963) maximum likelihood method because the number of S-alleles observed in a finite sample underestimates the total number of alleles within the population. Since the Paxman's (1963) estimator assumes that all S-alleles occur at the same frequency, as expected under balancing selection in GSI, the assumption of equal allele frequencies was tested with Mantel's (1974) statistic (see also the appendix in Campbell and Lawrence, 1981b) . Since the distribution of the test statistic is likely to depart from a chisquare distribution for the sample sizes considered here, its significance was also evaluated using Monte Carlo simulation (see Richman et al., 1996) . In the simulation, one thousand random samples of r genotypes were drawn, with replacements, from a pool of N alleles at equal frequency. Using the number of individuals actually sampled in each population as r and the number of S-alleles estimated using Paxman's (1963) method as N, Mantel's statistic was computed for each sample, and the observed value was compared to the distribution of the sample values. For populations with unequal allele frequencies, the number of S-alleles was re-estimated using the E 2 estimator of O'Donnell and Lawrence (1984) , which does not assume equal allele frequencies. A linear regression analysis was performed to test whether the estimated number of S-alleles in each island population was correlated with the geographical distance from the Izu Peninsula, the nearest point in the mainland to the islands.
The number of S-alleles common to each pair of populations was estimated using the maximum likelihood method set out in O'Donnell et al. (1993) , then the percentage overlap in kinds of S-alleles was calculated. As a statistic for describing population differentiation at the S-locus, Wright's fixation index, F ST was calculated by the variance-based method of Weir and Cockerham (1984) using FSTAT ver. 2.9.3.2, update ver. 1.2 (Goudet, 1995) , and its significance was determined by 1000 permutations based on the log-likelihood statistic G (Goudet et al., 1996) . The FSTAT program was also used to measure pairwise population F ST values. The significance level of 
0.85 (10) 0.53 (4) 1.14 (4) 1.39 (1) 1.00 (1) 1.22 (2) 0.52 (1) --1.61 (1) the F ST value for each pair of populations was based on 1000 permutations of multi-locus genotypes between populations, and then adjusted by Bonferroni correction for multiple comparisons. For the seven populations of the Izu Peninsula and the six Izu Islands, the associations of the geographic distance to both the pairwise percentage overlap and F ST were investigated as follows. The geographic distance between each pair of populations was calculated from the latitudes and longitudes of the populations (Table 1 ). The significance of the associations was then determined by Mantel's (1967) test using the ISOLDE routine (1000 resamplings) included in GENE-POP ver. 3.4 (Raymond and Rousset, 1995 ; available at http://wbiomed.curtin.edu.au/genepop/index.html).
RESULTS
S-allele identification based on the sequence polymorphism of the S-RNase gene
The RFLP patterns of the S-RNase gene detected by the genomic Southern analysis were highly polymorphic. The four-base cutter MspI generated the most polymorphic RFLP pattern of the four enzymes tested. The genotype of each individual was assessed using the RFLP patterns generated by all four enzyme digestions, allowing alleles that were not definitively distinguishable from the results of one enzyme digestion to be classified using another. All the individuals examined showed a heterozygous pattern in the autoradiograms obtained, consistent both with the expectation of obligate heterozygosity at the S-locus and with our findings in a previous study (Kato and Mukai, 2004) .
The genes encoding the S-RNases in all sampled individuals were amplified by PCR. The fragments amplified from the genomic DNA sequences were longer than expected from the corresponding coding region and they varied in size, presumably due to the presence of introns of varying lengths among the alleles. These differently sized fragments corresponded to the alleles determined by RFLP analysis, so they were cloned and sequenced. In all, 45 sequences, including seven found in our previous study (Kato and Mukai, 2004) , were examined (the alleles indicated by boldface and the four of indicated by the question mark in Table 2 ). All of the sequences were deposited to DDBJ (accessions AB289858-AB289902). Pairwise comparisons of the deduced amino-acid sequences detected no pairs that completely matched, and the mean identity was 72.53%. There were only two highly homologous pairs: S4/S23 (96.55% homology with six amino-acid substitutions out of 174 examined), and S8/ S15 (91.32% homology with 15 amino-acid substitutions out of 169 examined). The identities in the other pairs ranged from 55.97% to 86.91%. For the following analysis, the RFLP-based alleles were considered as S-alleles. Number of S-alleles and allele frequencies In total, 75 S-alleles were identified from the 421 individuals examined. Table 2 shows the identified S-alleles and their frequencies in each population. Twelve S-alleles were private to the Izu Peninsula population, and 18 to single populations in the six Izu Islands, giving a total of 30 (indicated by the dotted underlines in Table 2 ). In the sample from the Izu Peninsula, 16 plants considered to be hybrids between P. lannesiana var. speciosa and related species were intentionally included, and they yielded 10 out of the 12 private S-alleles. Most of the private Salleles were found only in one of the whole sample (23 Salleles shown by the question mark in Table 2 ) and the frequencies of the private alleles were very low. Of 75 Salleles, 34 were common to most of the populations (at least four populations; S-alleles underlined by a solid line in Table 2 ), while the other 11 S-alleles were shared among fewer populations. The repeatability statistics, R, ranged from 0.55 to 0.89, indicating a high degree of thoroughness of sampling in our study ( Table 2 ). The results for each population are shown in Table 3 . The allele frequencies did not deviate from equality in two populations, Kouzu Island and Miyake Island, and in one of the three subpopulations on Hachijo Island, but they were significantly unequal in the other five populations and two subpopulations (Table   3) . The values given by the E 2 estimator were slightly greater than those obtained using Paxman's (1963) method, and the deviation from equality had a little effect on the estimated number of S-alleles. The estimated numbers of S-alleles largely ranged from 26 to 62, but did not vary among the three subpopulations on Hachijo Island, for which the values ranged only between 18 and 23 (Table 3 ). The estimated number of S-alleles in each island population was inversely correlated with the distance from the mainland to the islands (r = -0.90, p < 0.01) (Fig. 2) .
Allelic structures at the S-locus among the populations The number of S-alleles common to each pair of populations and the corresponding maximum likelihood estimate are shown in Table 4 . For the seven populations of the Izu Peninsula and the six Izu Islands, the percentage overlap values ranged from 41% to 78%, with an average of 58% (Table 4) , and were correlated with the geographic distance between the populations (Mantel's test, p < 0.05 in Fig. 3a) . When the Hachijo Island population was excluded from the comparisons the correlation was very weaker (p = 0.302 in Fig. 3a) . The percentage overlaps from comparisons including and excluding Hachijo Island were 45% and 63% on average, respectively. Among the three subpopulations on Hachijo Mantel's (1967) test when all the populations were included in the analysis (p = 0.056 in Fig. 3b ), but when the Hachijo Island population was excluded from the comparisons the correlation was very weak (p = 0.398 in Fig.  3b ). Among the subpopulations on Hachijo Island, the pairwise F ST values were also very low (ranging from 0.0020 to 0.0137), but the value for the pair of Populations A and C was statistically significant (Table 5b ). 
DISCUSSION
S-locus genotyping and self-incompatibility in P. lannesiana var. speciosa For the data analysis in this study, the RFLP-based alleles are assumed to correspond to functionally different alleles. Since the pairwise comparisons of the deduced amino-acid sequences detected no completely matching pairs, almost all the Sgenotypes determined by RFLP analysis were expected to reflect the self-incompatibility phenotypes. Two pairs showed high homology, but this does not necessarily mean that their phenotypes were the same, since a small number of amino-acid substitutions appear to be sufficient to trigger the self-incompatibility reaction between the S1/S4 and S3/S5 pairs of Pyrus pyrifolia (Ishimizu et al., 1998) , and the S11/S13 pair of Solanum chacoense (Saba-El-Leil et al., 1994) . From so few cases it cannot be definitively concluded that a few substitutions are sufficient to express different specificities. However, the single alleles detected in this study may correspond to multiple functionally different alleles of the S-RNase gene, because the RFLP-based method used here may not distinguish between all of the substitutions. This problem is also inherent to other methods, such as the RT-PCR methodology used by Richman et al (1995 Richman et al ( , 1996 and Raspé and Kohn (2002) . The genotyping with RFLP of the S-RNase gene should potentially underestimate the number of S-alleles, but is convenient and robust method for examining large numbers of samples.
In the RFLP analysis, no individuals showing a homozygous pattern were found, suggesting that very few, if any, self-compatible individuals were present in the studied populations, and that the GSI in P. lannesiana var. speciosa is a strong genetic system. The studied species can clonally reproduce by sprouts, suggesting that sexual reproduction is not necessary for propagation. This capacity may explain the maintenance of the self-incompatibility system in the studied populations growing on the isolated islands because a founder individual could propagate clonally for a very long time even in the absence of suitable mates.
Allele frequencies at the S-locus in P. lannesiana var. speciosa Unequal allele frequencies have rarely been demonstrated, due to the low power of the traditional Mantel procedure, which is unlikely to reject the null hypothesis of equal frequency unless the inequalities are substantial (Lawrence, 2000) . However, Monte Carlo resampling revealed that the allele frequencies in the studied populations really were unequal, which the Mantel procedure had been unable to do (Table 3) . Campbell and Lawrence (1981b) proposed that some Salleles might be subject to additional selective pressures caused by either pleiotropic effects of the S-gene or close linkage with another gene that affects fitness. Lawrence and Franklin-Tong (1994) and Lane and Lawrence (1995) showed that the S-locus in Papaver rhoeas might be linked to one or more genes that control seed dormancy, which would impose additional selective pressure and could be responsible for observed deviations from equality. The unequal allele frequencies in the populations studied here might also be due to similar additional effects of selection.
However, unequal allele frequencies may also result from other processes. Volcanic eruptions have occurred at different times in the Izu Islands, and recently in Oshima Island and Miyake Island (Japan Meteorological Agency, 2005) ( Table 1 ). The volcanic eruptions would have caused serious damage to the habitats of the studied species. Even ancient volcanic eruptions might be still effective (e.g. poor soil with volcanic gravel that delays plants growing). Furthermore, the Izu islands have severe climate, and about five typhoons a year on average have hit around the islands (data from Japan Meteorological Agency). The violent storms would have also caused damage. Therefore, the populations of the studied species are likely to have been affected by bottlenecks caused by such events as to disturb the habitats, and the subsequent expansion of the population is expected to have been rapid because the species tends to be opportunistic, colonizing the habitats of species in secondary successional stages. Because P. lannesiana var. speciosa is a long-lived woody perennial, such effects would likely remain detectable in the populations for a long time. Thus, equal allele frequencies, as expected in a population at equilibrium, may be unusual in the populations of P. lannesiana var. speciosa due to the ecological feature.
Number of alleles at the S-locus in P. lannesiana var. speciosa The S-alleles private to the Izu Peninsula population are probably derived from related species because most of them were found in plants considered to be hybrids between P. lannesiana var. speciosa and the related species. These alleles do not seem to have spread in the studied species, to date at least, presumably because the putative hybridization events were extremely recent. There were also no less than 18 private S-alleles in the six Izu Island populations, mostly at extremely low frequencies within the respective populations. Although some of them may be also latently derived from hybridization with related species, there is not concrete evidence. Thus, it can be noted with some certainty that the 63 S-alleles observed in the samples from the Izu Islands are maintained in P. lannesiana var. speciosa.
To date, few studies have provided information on the number of S-alleles maintained in GSI species at the species level. The results of an investigation of two populations of P. rhoeas growing in Britain and Spain indicated that the species would contain 66 S-alleles . The number of S-alleles observed in the species level of P. lannesiana var. speciosa was 63; very similar to the number detected in P. rhoeas. To identify the major factors determining the number of Salleles in the species, more data are needed.
Populations of GSI species investigated to date have been estimated to contain between 12 and 45 S-alleles, except for populations of Trifolium species, which often have more than 100 S-alleles (Lawrence, 2000) . The estimated numbers of S-alleles in the populations of P. lannesiana var. speciosa fell approximately within the previously reported range, except the Izu Peninsula population, which seems to contain some derived from related species (Table 3) . P. lannesiana var. speciosa is an insect-pollinated woody perennial that produces birdsdispersed seeds. Raspé and Kohn (2002) evaluated that the estimated numbers of S-alleles in natural populations of Crataegus monogyna and Sorbus aucuparia, two other Rosaceae species with ecological features similar to those of our studied species, were 26.7 and 24.4, respectively. The estimated numbers of S-alleles in the island populations of P. lannesiana var. speciosa were greater than those of C. monogyna and S. aucuparia, except for the populations of Hachijo Island, which have probably been subject to the most severe gene flow restrictions, as mentioned below (Table 3 ). This possibly implies that the population size of C. monogyna and S. aucuparia is small or that the gene flow is restricted.
Since it has been inferred that the Izu Islands never formed part of a contiguous land mass, their geological history suggests that the studied species now growing on each island migrated from the population of Izu Peninsula, as mentioned in the introduction. If so, the number of S-alleles in each island population should strongly depend, theoretically, on the extent of gene flow, which should be correlated with the distance from the mainland to the respective island, and fewer S-alleles should be maintained in populations of distant islands. The geographical cline in the estimated numbers of S-alleles was predictably strong, as indicated by the high correlation coefficient, r = -0.90 (Fig. 2) disrupt the habitats of the studied species might have rarely occurred, and the habitats might be rapidly restorable due to the ecological feature of the species, as mentioned above. Long-distance gene flow among the island populations of P. lannesiana var. speciosa probably occurs only through seed dispersal by birds. Therefore, the lower estimated numbers of S-alleles in the distant island populations imply that avian seed vectors infrequently visit these islands.
Differentiation at the S-locus among populations in P. lannesiana var. speciosa Schierup (1998) showed that the genetic differentiation caused by population subdivision does not necessarily increase total diversity at the S-locus, even if the migration rate among demes is low enough to lead to very strongly subdivided populations. In a review of studies on population genetics associated with S-locus polymorphism, Castric and Vekemans (2004) pointed out that insufficient differentiation has been found to date at the S-locus among populations to increase total diversity substantially in most empirical studies of GSI species, including Oenothera organensis (Emerson, 1939) , and Solanum carolinense (Richman et al, 1995) . For our studied populations, the percentage overlaps were 58% on average, and the value for the pair of Populations A and C, which are separated by at most about 5 km, was low (54% ; Table 4 ). However, the percentage overlaps should be carefully considered. Since the number of S-alleles shared in each pair of populations could not be larger than maintained in the population with the fewest such alleles (i.e. the more distant island population), the percentage overlap was lower, as shown in Fig. 3a . When the most distant island, Hachijo Island was excluded from the comparisons the mean percentage overlap was larger, 63%. Thus, the number of S-alleles in the species does not seem to depend on genetic differences associated with population subdivisions. In P. rhoeas, the Spanish population 1,700 km distant from the British populations appeared to contain a set of S-alleles, 53% of which also occur in the latter , and the percentage could be regarded as either high or low, depending on the factors considered. Thus, there are still insufficient data to conclude with any certainty that population subdivision does not tend to increase total diversity at the S-locus substantially. The F ST value obtained was also very low, despite indicating evidence of genetic heterogeneity at the S-locus among the populations of P. lannesiana var. speciosa (F ST = 0.014, p < 0.001), so the majority of the total variation seemed to reside within rather than among populations. The F ST value for AFLP loci (which are presumed to be neutral loci) of the populations studied here obtained by Iwata et al. (unpublished data) was also low, 0.10, but greater than 0.014 at the S-locus. Schierup et al. (2000) suggested that population subdivision, as measured by conventional statistics such as F ST values, should be much less apparent at loci under balancing selection than at neutral loci because of the greater effective migration rate of alleles subject to balancing selection, and this finding is supported by simulations presented by Muirhead (2001) . Our results support their theoretical predictions. A further question to consider is how the populations of the studied species are structured. The S-alleles would have migrated from island to island in their progress to the most distant island, considering that the island populations are located in a straight line, as obviously shown in Fig. 1 , and that the geographical cline in the estimated numbers of S-alleles was found (Fig. 2) . Therefore, the populations appear to be structured according to a onedimensional stepping stone model with a large source population at one end. Such a population structure would also produce an "isolation by distance" pattern on the genetic relationships among populations. This is reflected in the correlations of pairwise percentage overlaps and F ST values to the pairwise geographic distance in the seven populations of the Izu Peninsula and the six Izu Islands (Fig. 3) . However, when the Hachijo Island population was excluded from the comparisons, the genetic relationships among populations could not be simply explained by an "isolation by distance" pattern, as suggested by the Mantel's test results (Fig. 3) . The allele frequencies at the S-locus differed considerably among the populations, to begin with. The S-alleles occurring at high frequency in one population but at low or nil in the others were by no means rare, as obviously shown in Table 2 . These might be also due to the bottlenecks and the subsequent founding of the populations, as mentioned above. In the populations with a one-dimensional stepping stone structure, if the migration rates are the same, the differentiation at the S-locus among populations is expected to be larger than assumed from the island model, in which the S-alleles directly migrate from the mainland to each island. Therefore, the extent of gene flow in the studied populations could be larger than that expected according to the island model investigated in Schierup et al. (2000) and Muirhead (2001) , which assumes that each deme receives a constant amount of migrant gametes from the whole-population gamete pool. To elucidate the role of restricted gene flow in generating population differentiation at the S-locus, extensive simulations based on more realistic models of population subdivision than simple island models will be required.
